The differentiation program of multiple cell types has been shown to be dependent on the activity of basic helix-loop-helix (bHLH) transcription factors (reviewed in refs. 1 and 2). These proteins share a common sequence motif of a stretch of basic amino acids responsible for site-specific DNA binding adjacent to a helix-loop-helix dimerization domain. The Id family of helix-loop-helix proteins, which does not possess a basic DNAbinding domain, functions as a negative regulator of bHLH proteins through the formation of inactive heterodimers with intact bHLH transcription factors (3, 4) . The family of Id proteins has been demonstrated to bind the ubiquitously expressed E proteins or cell lineage-restricted bHLH transcription factors leading to inhibition of lineage-specific gene expression and differentiation (3, (5) (6) (7) . A growing body of evidence has implicated Id proteins as playing a critical role in promoting G 1 ͞S cell cycle transitions. Id gene expression is elevated in undifferentiated cells and tumor cells, supporting the notion of their role as inhibitors of differentiation and growth-promoting factors (8, 9) . Overexpression of Id proteins within myoblasts, myeloid precursor cells, mammary epithelium, and preadipose cells inhibits their ability to differentiate under appropriate conditions (6, 7, 10, 11) . To determine whether Id proteins might play a role in regulating human keratinocyte differentiation, we evaluated the effects of deregulated expression of Id proteins in these cells. We determined that Id-1, Id-2, and Id-3 all extend the normal in vitro lifespan of primary human keratinocytes. Furthermore, we determined that deregulated expression of Id-1 alone could immortalize primary human keratinocytes and activate telomerase activity and retinoblastoma protein phosphorylation in these cells.
MATERIALS AND METHODS
Cell Culture. Monolayer cultures of primary human foreskin keratinocytes (HFKs) were prepared from a pool of neonatal foreskins obtained from routine circumcisions by using a modified version of the protocol of Rheinwald and Green (19) . Keratinocytes were isolated by using dispase incubation of foreskin tissue to allow for dermal-epidermal separation. Epidermal specimens were trypsinized and plated on standard tissue culture dishes. Cells were maintained in serum-free keratinocyte growth medium (KGM; GIBCO͞BRL). Differentiation was induced by allowing for keratinocyte growth in high-calcium-containing medium (2.0 mM calcium) consisting of DMEM supplemented with 10% FBS, penicillin, streptomycin, and L-glutamine as described previously (13) . Confluency of cultures under growth and differentiating conditions was regulated strictly to ensure that differentiation effects were attributable to the supplemented medium provided as opposed to confluency of cells. Cells were transfected 4-6 weeks after initial preparation from foreskins at 70% density by using 10 l of lipofectamine (GIBCO͞BRL) lipofection reagent and 8 g of plasmid DNA. Human Id-1, Id-2, and Id-3 cDNAs cloned into a pCMV-Neo vector were used in the transfections (14) . Cells were selected for plasmid expression with neomycin and grown in KGM (GIBCO͞BRL). Cells were passaged continuously in 10-cm tissue culture dishes until 80% confluent and then replated at 1:3 cell density. Lifespan of cells was determined for pools of transfectants. Cells that did not reach 80% confluency within 2 weeks of passaging were determined to have senesced. For retroviral infection, human Id-1 was cloned into the recombinant retroviral vector LXSN and packaging cell lines (PA317) were maintained in DMEM supplemented with 10% FBS, penicillin, and streptomycin. Recombinant retroviruses were prepared by using standard methods, and infections of HFKs were performed as described previously (15) .
Protein Analysis. Cell lysates of human keratinocytes were prepared as described previously (16) , and Western blotting was performed according to standard procedures. Primary antibodies against Id-1 (Santa Cruz Biotechnology; SC-734),
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PNAS is available online at www.pnas.org. retinoblastoma protein (pRb) (PharMingen 14001A), proliferating cell nuclear antigen (Santa Cruz Biotechnology; SC-56), and p53 (Oncogene Science, Ab-2) were obtained commercially. Monoclonal involucrin antibodies were a gift from J. Kvedar (Massachusetts General Hospital, Charlestown, MA) (17) . Telomerase Assays.Telomeric repeat amplification protocol (TRAP) assays were performed by using the TRAPeze telomerase detection kit (Oncor).
Reverse Transcription-PCR. Total cellular RNA was isolated by using Trizol reagent (Life Technologies, Gaithersburg, MD) and treated with RNase-free DNase (Boehringer Mannheim). RT was carried out on 5 g of total RNA by using Moloney murine leukemia virus reverse transcriptase (Promega) and following the manufacturer's protocol. PCR assays were carried out on 1͞10th the RT reaction in 50 l of total volume by using the recommended buffers and Taq polymerase concentration (Perkin-Elmer). PCR parameters consisted of denaturing at 95°C for 45 s, annealing at 68°C for 45 s, and extension at 72°C for 60 s for 10 cycles followed by 20 cycles by using an annealing temperature of 60°C. Final primer concentrations were 1 M each. Human telomerase reverse transcriptase (hTERT) primers HT-1 and HT-5 were used to amplify a 377-bp fragment as described previously (18) . Human Id-1 primers were 5Ј-CACCCTCAACGGCGAGATC and 5Ј-CCACAGAGCACGTAATTCCTC.
Cell Cycle Analysis. Cells were prepared for fluorescenceactivated cell sorter analysis as follows: 10 6 cells were trypsinized and washed three times in cold PBS. Cells then were fixed in ethanol for 30 min at 4°C, washed in PBS, and resuspended in 6.9 ϫ 10 Ϫ5 M propidium iodide (Sigma) containing RNase A. Cells were incubated at 37°C for 30 min and then analyzed in a cell sorter.
Cytogenetics. Cultured cells were arrested in mitosis with 0.1 g͞ml colcemid. Arrested cells were spun down and resuspended in 75 M KCl for 10 min. Cells then were spun down and resuspended in fresh 3:1 methanol͞acetic acid overnight. The next day, the cells were rinsed twice in fixative and then resuspended in 1 ml of methanol͞acetic acid. Cells were dropped onto cold, wet slides and allowed to air dry. Cell preps were reviewed under phase-contrast microscopy to ensure adequate spread. Slides then were incubated in 30 g͞ml aqueous solution of quinacrine mustard for 7 min, washed one time in water, mounted in Tris-maleate buffer, pH 5.6, and viewed by fluorescence microscopy. Photographs of metaphase spreads were taken for karyotype analysis.
RESULTS
Id-1 Immortalizes Primary Human Keratinocytes. We investigated the effects of ectopic expression of Id proteins in primary human keratinocytes to determine whether Id genes might play a role in regulating human keratinocyte differentiation. Because only Id-1, Id-2, and Id-3 are expressed in human keratinocytes (data not shown), we undertook investigations of these particular Id family members. Id genes were introduced into primary human keratinocytes by either plasmid transfection or retroviral infection, and cells were grown in selection medium and, subsequently, as pools of selected colonies. Cellular lifespan and number of population doublings was recorded for pools of transfected cells (Fig. 1) (19, 20) . Using such criteria, all pools of Id-1-overexpressing cells possessed an unlimited lifespan in cell culture [two clones were contaminated after 6 months of passage (Fig. 1, asterisk) whereas two additional clones were stored as frozen cell lines after 8 months and 1 year, respectively] and therefore were determined to be immortalized. These experiments were repeated by using an Id-1 retroviral expression construct, and similar results were obtained (data not shown). Given these results, we investigated whether human keratinocytes that expressed Id-1 ectopically were able to respond to differentiation stimuli.
Id-overexpressing cells were induced to differentiate utilizing an in vitro HFK differentiation system described previously (16) at 4 weeks after transfection. Differentiation was monitored by marker protein expression and cellular morphology. Although all Id-overexpressing cells did contain small amounts of the differentiation marker protein involucrin without a differentiating stimulus (the cells differentiate spontaneously to a certain extent over time), the level of expression did not increase under a differentiation stimulus to the extent that was seen in control cells. Furthermore, Id-overexpressing cells grown in differentiation medium showed many focal regions of poorly differentiated cells within regions of more differentiated cells, which was not seen in control cells, suggesting that clonal populations of Id transfectants that were resistant to differentiating stimuli may have arisen (Fig. 2) .
Id-1 Activates Phosphorylation of the Retinoblastoma Protein and Inactivates the p53 DNA-Damage Response. Having determined that Id-1 was able to immortalize primary human keratinocytes, we wished to determine potential mechanisms by which Id-1 might prevent cellular senescence in cultures of primary human keratinocytes. Given the model systems of the DNA tumor viruses whose oncoproteins are able to affect the p53 or pRb pathways to induce cellular immortalization, we investigated whether these pathways also might be affected by Id-1 immortalization.
To test the integrity of the pRb tumor-suppressor pathway and the cyclin D-cdk4͞6-p16 pathway, we evaluated the expression of the various phosphorylated forms of the retinoblastoma protein in Id-1 transfectants. We have found that phosphorylation of the retinoblastoma protein and its expression level are elevated in Id-1-overexpressing keratinocytes (Fig. 3A) at both 1 month (Id-1͞1) and 6 months (Id-1͞6) after transfection with Id-1. This pRb expression level and phos- 
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To assay for p53 function, DNA damage was induced by treating Id-1-transfected keratinocytes with 2.5 nM actinomycin D, and p53 expression was determined by immunoblotting (Fig. 3B) . Normal HFKs and a human keratinocyte cell line immortalized by human papillomavirus HPV-16 E6͞E7 (1321) (21) were used as positive and negative controls, respectively. These experiments demonstrate a normal p53 DNA-damage response in early Id-1 transfectants (Id-1͞1). However, complete abrogation of p53 up-regulation in response to DNA damage is seen in Id-1-immortalized keratinocytes (Id-1͞6). Consistent with this finding, f luorescence-activated cellsorting analysis of these cells revealed a G 1 growth arrest in response to DNA damage in normal human keratinocytes that was absent in Id-1-immortalized (Id-1͞6) and 1321 cells (Fig.  3C) . These data support the idea that abrogation of the p53 pathway in Id-1-immortalized cells is a late effect of Id-1 expression and not a direct result of Id-1 regulation of p53.
Id-1 Activates Telomerase Activity and hTERT Expression in Primary Human Keratinocytes. Recent studies have demonstrated that telomerase functions as a potential regulator of senescence in human cells and that TERT expression levels correlate with telomerase activity and cellular immortalization (22) . Furthermore, overexpression of hTERT has been demonstrated to extend the normal lifespan of primary human cells (18) . We determined telomerase activity in matched sets of vector-transfected human keratinocytes and Id-1-transfected human keratinocytes to determine whether Id-1 might function in regulating telomerase activity as a means of preventing cellular senescence. Consistent with earlier studies (23, 24) , we detected small amounts of telomerase activity in vector control-transfected human keratinocytes; however, in the Id-1-transfected cells that were examined at 1 month after transfection, we detected significantly increased telomerase activity (Fig. 4A) . Furthermore, we were able to demonstrate elevated expression of hTERT expression in these cells at early and late passages (Fig. 4B ).
DISCUSSION
The above data demonstrate that constitutive expression of Id-1 results in the activation of cellular telomerase activity, inactivation of the retinoblastoma protein (through phosphorylation), and immortalization of primary human keratinocytes. Although the precise frequency of these immortalization events has not yet been determined, we have been able to show that these events occurred several times in each pool of selected cells because chromosomal analyses of cells after 6-12 months of passage revealed several distinct clonal populations within pools of immortalized cells. The populations possessed numerous chromosomal abnormalities including chromosomal translocations, ring chromosomes, aneuploidy, and polyploidy.
Normal somatic cells possess a finite lifespan that is limited by replicative senescence (25) (26) (27) . Upon senescence, cells exit the cell cycle and arrest in G 1 , are unable to respond to mitogenic stimuli by reentering S-phase, but remain viable and metabolically active (28) . Until recently, the only known genes capable of reactivating DNA synthesis in senescent cells were DNA tumor virus oncogenes including the SV40 large tumor antigen and the human papillomavirus E6͞E7 oncoproteins. These genes have been shown previously to inactivate the tumor-suppressor proteins p53 and pRb through various mechanisms. Id family members also have been implicated in regulating the process of cellular senescence. It has been shown that Id-1 and Id-2 are required for G 1 progression in human diploid fibroblasts and are repressed in senescent human fibroblasts (29) . Furthermore, Id-1 has been shown to cooperate with a pRb-binding mutant of SV40 T antigen to reactivate DNA synthesis in senescent human fibroblasts (30) . Our data demonstrate that, as with the viral oncoproteins, Id-1 is able to abrogate functional activity of the retinoblastoma protein through activated phosphorylation. Furthermore, much like the papillomavirus E6 protein, Id-1 can activate telomerase activity in primary human keratinocytes (31) . Additionally, Id-1 is able to abrogate p53 function but only as a late effect of its expression, much like the late abrogation of p53 activity in primary human tumors.
The experiments presented here are among the first demonstrations of a normal cellular gene functioning alone to induce primary human cell immortalization. Because the Id-1-transfected HFKs were passaged continuously without an obvious crisis or senescence, it is likely that HLH proteins play a specific role in regulating these processes. Recently, it was reported that the bHLH-ZIP transcription factor, c-myc, is also able to activate telomerase activity in primary human cells (32) . This further supports a potential role for the involvement of the helix-loop-helix family of transcriptional regulatory proteins in mediating cell-fate decisions of growth and senescence. Although Id proteins typically are thought of as being inhibitory to differentiation, our data suggest that they may have a more general effect on regulating the cellular ''mitotic clock'' by transcriptionally regulating genes involved in cellular growth control and͞or senescence and reactivating telomerase activity. Recent data have suggested that this ''mitotic clock'' also might be reset to some degree by maintaining active telomerase function alone in primary human cells (18) . Furthermore, it has been demonstrated that activation of telomerase activity and inactivation of the pRb͞p16 pathway are sufficient for immortalization of primary human keratinocytes (20) . Because both of these functions can be achieved with constitutive expression of Id-1 alone in primary human keratinocytes, it is likely that Id-1 is a critical regulator of senescence in these cells. Aberrant expression of Id proteins may provide a potent replicative stimulus in primary human cells, which allows for circumventing normal cellular growth controls and may lead indirectly to the up-regulation of telomerase function and pRb inactivation. Alternatively, bHLH proteins may directly regulate the transcription of telomerase subunits and pRb kinase complexes. Because Id-1 can perform both steps necessary for keratinocyte immortalization, we suggest that Id-1 may be a potential target for intervention in primary cutaneous malignancies.
